Based on routine Bayesian theory, updating Bayesian error function of mechanical constants of thin-walled box girder was derived. Combined with automatic search scheme of polynomial interpolation series of optimal step length, the Powell optimization theory was utilized to implement the stochastic detection of mechanical constants of thin-walled box girder. Then, the Powell detection steps were presented in detail, and the Powell detection procedure of mechanical constants of thin-walled box girder was compiled, in which the mechanical analysis of thin-walled box girder was completed based on finite strip element method. Through some classic examples, it is obtained that Powell detection of mechanical constants has numerical stability and convergence, which proves that the present method and the compiled procedure are correct and reliable. During constants' iterative processes, the Powell theory is irrelevant with the calculation of partial differentiation in finite strip element method, which indicates high computation efficiency of the studied method. The stochastic performances of systematic constants and systematic responses are simultaneously included in updating Bayesian error function. The optimal step length is solved by search method of polynomial interpolation; without the need of predetermining the interval, the optimal step length locates.
With the development of engineering technology and the maturity of box girder theory, thin-walled box girder is more and more widely adopted.
1,2 For the existing scientific and technological achievements and the research literature of box girders, most of them concentrate on the complex and exact mechanical analysis of the structure. 3, 4 For examples according to different finite element algorithm, some special mechanical models are established or derived to explore structural mechanical behavior of the box girder structures. By now, some computational software tools, such as Midas, Bangladesh, which belong to specific technology domain, have emerged. There are some other pursuers who have contrived some special elements for the box girder structure. 5, 6 For this kind of structure, it is sometimes complicated to carry out spatial structural analysis precisely while the finite straight strip element method becomes the efficient analytical tool for the box girder structure because the finite straight strip element (FSSE) divisions are comparably simple, the necessary mechanical constants are relatively fewer, and both the computational stability and precision can satisfy general engineering requirements. 7, 8 Whereas, before the structural mechanical behaviors are probed into, the necessary mechanical constants must be held. Otherwise, this task cannot be efficiently performed. But, accurately grasping the mechanical constants is not always an easy thing. Methods of field or laboratory tests are often used to determine structural constants, which cannot take the influence of random disturbance factors into consideration without the ability of reflecting the factual circumstance. The mechanical constants are occasionally ascertained even only depending on experiences. Thus, if mechanical constants can be detected in time according to the some necessary measured data, evaluating and forecasting performances of the box girder more precisely become more believable. 9, 10 Although the gradient theory and the Kalman filtering theory have been successfully used in the constant detection in the study of Wu 11 and Zhang et al., 12, 13 it is unfortunately an deficiency that the partial derivatives of the systematic responses to the constants must be repeatedly computed in iterative processes in the two theories. It will consequentially lead to lower computational efficiency and error accumulation. As an improvement, the Powell optimizing method is irrelevant with the perplexing partial derivatives. How to solve this problem is worthy of being explored.
For the thin-walled box girder structures and with routine Bayesian theory, updating Bayesian error function of mechanical constants of the structure is derived. In order to study the stochastic detection method of mechanical constants of the structure, the Powell optimization theory together with automatic search method of polynomial interpolation series are both derived and analyzed in detail. Through classic examples, some problems of updating Bayesian detection of mechanical constants are probed into, and some important conclusions are obtained.
Updating Bayesian error function of mechanical constants of thin-walled box girder
During the process of updating Bayesian stochastic detection of mechanical constants of thin-walled box girder, elastic modulus of different positions are treated as random variables, which are written into random vector E = ½ E 1 E 2 Á Á Á E m T (m is the dimension of the vector E) to carry out the detection of poly constants. From Bayesian theory, 14, 15 the following expression can be obtained as
where f (E) is the prior distribution, f (U Ã jE) is the conditional distribution of the measured information, f (U Ã ) is the measured information distribution, and f (EjU Ã ) is the posterior distribution. With the assumption that mechanical constants E obey normal distribution, the expression of the prior distribution f (E) is
where E 0 is the mean vector, and C E is the covariance matrix of mechanical constants E. In practical engineering, the displacements at the measuring nodes must be measured many times, and the measured displacement data U Ã i of each time are all samples of U Ã . If the routine Bayesian error function is set up to identify constants, there is much work repeated. [16] [17] [18] [19] [20] Thus, the updating Bayesian error function of mechanical constants of thin-walled box girder is deduced. The united density function of
where n is the times of measured displacements. From Bayesian approach theory, [21] [22] [23] [24] we have
where U i = U i (E) is the displacement vector from the computational results by the following FSSE method. Substituting equations (2) and (3) into equation (1), the updating Bayesian error function J is derived as
In order to obtain the variance detection result of mechanical constants E and from equation (4), the partial differentiation of dynamic error function J to mechanical constants E is expressed as
Expanding U i (E) into the form of Taylor's formula at the expectation point E and selecting both the zeroorder and the first-order terms, it can be achieved as
From equations (8)- (10), the estimation valueÊ of mechanical constants E of thin-walled box girder can be written aŝ
where I is a unit matrix.
is the ith measured displacement vector.
where U i is the ith computational displacement vector at the mean point E. S = ½S 1 , S 2 , L, S n T , where S i is the ith sensitivity matrix of measured displacements. Supposing the foreknown information E 0 of mechanical constants E of thinwalled box girder is irrelative with the measured displacement vector U Ã , from equation (11) the variance ofÊ can be written as
where
is the ith covariance matrix of measured displacement vector. With the non-singularity property of C E and C U Ã , equation (12) can be expressed as
Equation (13) can be rewritten into the series form as
Finite element governing equation for thin-walled box girder
In the updating error function, equation (4) of mechanical constants of thin-walled box girder, U i is the displacement vector from the computational results. The FSSE method presented in Zhang et al. 12 is herein applied to the mechanical analysis of the thin-walled box girder. The relationship expressions between the strain and displacement in rectangular coordinate system are listed as follows
As for the box structure, displacement interposition function of FSSE in Figure 1 The stiff matrix of FSSE can be derived as follows
ð18Þ
Where D is the elastic matrix. The strain matrix B can be determined by substituting equation (17) into equations (15) and (16) . In equation (18), the block matrix can be obtained as
According to the orthogonality of the harmonic function Y m = sin (mp=L)y, equation (18) can be rewritten into the diagonal block matrix as
The mth item of FSSE governing equation for the pinned box girder is gained as
T is the rotation matrix from the whole coordinate system to the local coordinate system. U m and R m are, respectively, the mth item of the peak displacement vector and the peak load vector in the whole coordinate. [25] [26] [27] [28] [29] After summation of all the peak displacement vector U m when the variable m alters from 1 to r, the displacement vector U of the box girder is
where Q m is the mth item of displacement interpolation matrix which is connected with harmonic functions of sin (mp=L)y and cos (mp=L)y.
Stochastic detection method of mechanical constants of thin-walled box girder

Powell method
The available optimization methods can be chiefly divided into two categories: direct search method (Powell method, simplex method, etc) and gradient search method (one-order gradient method, conjugate gradient method, etc). Gradient search method keeps changing the spatial scale (matrix) to engender new search directions in the optimization processes. The gradient search method cannot avoid the partial differentiations of error function to systematic constants in finite element method which leads to extra error accumulation. The direct search method only needs the information of the error function, which is particularly proper for the kind of error functions which have no analytical expressions. 9, 10 The Powell method is an effective method in the existing direct optimization methods, and it uses one-dimensional search method to produce the optimal orientations from different starting search points.
Combined with Powell theory, the flowchart of the updating Bayesian detection of mechanical constants of the thin-walled box girder is shown in Figure 2 , and the detection steps are expressed as follows:
1. Select the initial values E 0, 0 of mechanical constants E and the initial search direction d 0, i , and let d 0, i = e i , where e i is the unit coordinate vector, and m is the dimension of mechanical constants E and the variable i = 1, 2, . . . , m. Set the iterative variable k = 0 and the convergence criteria e 1 and e 2 ; 2. With mechanical constants E k, 0 , carry out onedimensional search in turn along the search direction d k, i where i = 1, 2, . . . , m, which means that
And then, the displacement constant series E k, i is obtained. From error function equation (4), we have
3. Begin with mechanical constants E k, m and take one-dimensional search into action along the search direction d k = E k, m À E k, 0 , which means that
And then, the mechanical constants E k+1, 0 are gained. If one of the two convergence criteria can be satisfied, it is that
Then, Powell iteration is convergent, and the detection results of mechanical constants E areÊ = E k+1, 0 . The iteration is stopped. Otherwise, continue the next step;
4. This step is the judgment computation whether the search direction d k is collected. Assumed that
, the following equations are gained , the available search direction set is unchanged and proceed to step (6) 
and turn back to step (2) to keep iterating. 6 . Let E k, 0 = E k+1, 0 , k = k+1 and turn back to step (2) to keep iterating.
Search method for step length
The search for the optimal step length l in the above steps (2-3) is a complex problem in updating Bayesian detection of mechanical constants of thin-walled box girder. The golden section method and Fibonacci series search method are the most widely used onedimensional search methods, and the two methods can ensure simplicity of compiling procedure. But, the range where the optimal step length l lies must be known in advance. However, correctly determining the range where the optimal step length l lies in is not quite easy (usually determined by trying many times) and especially as for the problem of poly-constants' detection, correctly determining the range becomes much more difficult. Consequently, the one-dimensional polynomial interpolation series search method is accomplished to optimize the step length which can automatically determine the range of the optimal step length l and carry on optimization. 12 The method successfully solves the problem of automatically optimizing the step length l and the basic steps include the following:
1. Determination of the range where the optimal step length l lies. Suppose the initial step length l 1 and a step length increment l 0 and let
If J (l 1 ) ! J (l 2 ), the step length increment expression
where l ! 3 is calculated. The calculation is not ceased until J (l l ) ! J (l lÀ1 ). If J (l 1 )\J (l 2 ), the other step length increment expression
where l ! 3 is calculated. Similarly, the calculation is not ceased until J (l l ) ! J (l lÀ1 ). When the iterative calculation is completed, the range where the optimal step length l lies is achieved and defined as ½l a , l d .
2.
Interpolation of the optimal step length l. Based on the extremum property of the Bayesian error function and through pertinent mathematical derivations, the expression of the optimal step length l is obtained
where l a and l d are, respectively, the initial value and the final value of the range where the optimal step length l lies. l b and l c are both the general variables. l e is the half point of the range ½l a , l d .
Development of the procedure and analysis of the examples
The updating Bayesian detection of mechanical constants E = ½E 1 E 2 E 3 T of thin-walled box girder is researched (E 1 , E 2 , and E 3 are, respectively, the elastic modulus of the top board, web board, and bottom board) in Figure 3 . The numbers of the strip element and strip line are shown in Figure 4 . The longitude length is L = 120 cm. The true values of mechanical constants E and Poisson's ratio m, and the widths of the top board, web board, and bottom board described as t 1 , t 2 , and t 3 are listed in Table 1 , and the constant variation coefficient is 0.1, which is used to depict the uncertainty of the mechanical constants. The vertical uniform loads p 1 = 3.8 N/cm and p 2 = 7.8 N/cm are, respectively, applied to the line of No. 2 and No. 5 of the box girder, and the series item is given m = 40. In order to complete updating Bayesian detection of mechanical constants E of thin-walled box girder, the procedure named PLLSBG.FOR is developed, in which the mechanical analytical procedure of thinwalled box girder is employed. The corresponding validation of the mechanical analytical procedure is confirmed in Zhang et al. 12 Select the six points (No. 1-No. 6, shown in Figure 4 ) in half-span section plane as the measurement points and measure the displacement of every measurement point for five times. The means and standard deviations of displacement of the measurement points are listed in Table 2 .
Loadcase 1
The updating Bayesian detection of mechanical constants E of thin-walled box girder when the foreknown information is precise means that the foreknown information of the box structure is E 0 = ½300:0, 200:0, 350:0 T . In order to carry out the iterative processes, set the Group 1 of the initial values of mechanical constants E 1ini = ½500:0, 500:0, 500:0 T and the Group 2 E 2ini = ½150:0, 150:0, 150:0 T . Suppose the convergence criteria e 1 = 0:001, e 2 = 0:001, which are input to the Powell detection procedure of PLLSBG.FOR together with the data in Table 2 , and the iterative results of mechanical constants are shown in Table 3 and Figure  5 . The iterative results of logarithm of updating Bayesian error function is shown in Figure 6 .
From Table 3 and Figure 5 , it is indicated that when the foreknown information is precise, the iterative Table 3 . Results of Powell detection of mechanical constants of thin-walled box in loadcase 1 (10 4 N/cm 2 ).
Mechanical constants process of updating Bayesian detection of mechanical constants E of thin-walled box girder is steadily convergent to the true constant values, which means that the convergence is independent of the initial constant values. Iterative results of logarithm of updating Bayesian error function in Figure 6 are steadily decreased. The results indicate that the derived detection model including Powell theory is exact and the developed PLLSBG.FOR detection procedure is correct. When the foreknown information is accurate, the iterative process can converge conformed to both convergence criteria e 1 and e 2 when different initial constant values are appointed, which shows the robustness of the solution strategy. The detection efficiency is primarily determined by calculative times the FSSE procedure is called. Based on a large number of numerical calculations and comparisons with achievements in Zhang et al., 12 the Powell method is independent of the partial derivative calculation of the finite element method, and with conjugate gradient theory, the times of calling the finite element procedure are significantly reduced. Thus, the cost time with Powell theory is obviously shortened, which naturally proves high computational efficiency of the derived method.
Loadcase 2
In order to obtain some other regularities of Powell detection of mechanical constants of thin-walled box girder when the foreknown information is precise, the Group 3 of the initial values of mechanical constants E 3ini = ½500:0, 150:0, 150:0 T and the Group 4 E 4ini = ½150:0, 500:0, 500:0 T are, respectively, selected. Obviously, E 3ini is farther from the true value compared with E 2ini , and E 4ini is nearer to it compared with E 1ini . The other data are the same as loadcase 1. From the PLLSBG.FOR procedure, the iterative results of mechanical constants are shown in Table 4 and Figure 7 . The iterative results of logarithm of updating Bayesian error function is shown in Figure 8 .
It is known from Table 4 and Figure 7 that in the poly-constants' detection, when the initial constant values deviate closer from the true values, the number of iterations is not reduced, and the convergence precision is not improved either. For example, compared with Figure 5 . Iterative results of mechanical constants in loadcase 1 (10 4 N/cm 2 ): (a) iterative results when E 1ini is set and (b) iterative results when E 2ini is set. E 1ini , E 4ini deviates closer from the true value E true ; however, the final iterative times of E 1ini and E 4ini are, respectively, 10 times and 12 times. The convergence precisions are both very high because the relative error is less than 0.5%, which are indistinctly improved when the initial constant values deviate closer from the true ones. The reason for this result is that during the detection processes of poly constants, there exist the interactions and constraints between the constants.
Loadcase 3
The updating Bayesian detection of mechanical constants E of thin-walled box girder when the foreknown information is imprecise: suppose the foreknown information E 0 = ½400:0, 400:0, 400:0 T . For the sake of convenient comparison, set initial constant values E 1ini = ½500:0, 500:0, 500:0 T and E 2ini = ½150:0, 150:0, 150:0 T , and the other data are the same as loadcase 1. The iterative results of updating Bayesian detection of mechanical constants are listed in Table 5 .
From Table 5 , it is found that when the foreknown information is inaccurate, the iterative processes of mechanical constants converge only conformed to the criterion e 2 . Unfortunately, the iterative results do not converge to the true values because the relative errors are more than 5%. From the updating Bayesian iterations when different groups of initial constant values are appointed, it is validated that if the foreknown information is imprecise and the iterative processes can converge, the convergence can only conform to the criterion e 2 .
Besides, from a great deal of research as in Table 6 , the other regularity can be concluded and gained as follows: whether foreknown information is set precise can be judged from the relative fluctuating degree of constant iterative result.
From Table 6 , it is indicated that when the foreknown information dissatisfies the precise condition, the relative fluctuating degrees of constant iterative results are times larger than that when the foreknown information is set precise. Doubtlessly, if the iterative process diverges, the foreknown information is imprecise. 
Conclusion
From updating Bayesian detection of mechanical constants of thin-walled box girders based on Powell theory, some conclusions can be drawn subsequently. (1) The stochastic performances of systematic constants and systematic responses are simultaneously included in updating Bayesian error function. (2) During iterative processes of constant detection, the Powell method is independent of the partial derivative calculation of the finite element method, which proves high computational efficiency of the detection method. The partial differentiations of error function to systematic constants in finite element method must be carried out for extra times when the gradient method is utilized, which will inevitably lead to extra error accumulation. (3) The polynomial interpolation series method can automatically search and achieve the optimal step length and improve the detection efficiency without the need of predetermining the region the optimal step length locates.
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